Key Points
• First report describing in vivo function of siglec-E as a negative regulator of neutrophil recruitment in acute lung inflammation.
• Implications for the human functional orthologue, siglec-9, and its potential role in regulating inflammatory lung disease
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Introduction
Neutrophil recruitment to the lung represents an important first line of defence against bacterial infections or inhaled environmental toxins. In contrast to many other tissues, neutrophil recruitment in the inflamed lung occurs mostly in the capillary beds rather than in the larger vessels such as post-capillary venules. 1 Most lung capillaries are narrower than the diameter of neutrophils, resulting in neutrophil distortion and slow transit times. 2 Following exposure to pro-inflammatory stimuli such as LPS, circulating neutrophils increase their cytoskeletal rigidity and this can lead to trapping and arrest within the lung capillaries. 3 In the presence of an appropriate chemokine gradient, neutrophils diapedese across the endothelial and epithelial barriers and enter the alveolar spaces, 4 a process that in the case of LPS stimulation depends on the β 2-integrin, CD11b. 5 Since the lung is under constant exposure to environmental challenge, setting appropriate thresholds for leukocyte adhesion and recruitment are crucial, both for maintaining normal lung homeostasis and permitting a rapid response to pathogenic threats or lung injury.
Activated neutrophils release oxygen intermediates and proteolytic enzymes that efficiently kill pathogens and hasten the resolution of inflammation. However, bystander injury to normal tissues induced by neutrophil infiltration is an unavoidable feature of the local inflammatory response.
To date, there have been few reports describing negative regulators in neutrophil biology.
Many inhibitory receptors contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs)
and play fundamental roles in the negative regulation of a wide range of immune and inflammatory responses via the recruitment of tyrosine phosphatases SHP-1 and SHP-2. 6 A key role for SHP-1 in negative regulation of neutrophil function has been shown by the For personal use only. on September 14, 2017 . by guest www.bloodjournal.org From overexpansion and inappropriate activation of granulocyte populations in SHP-1-deficient motheaten mice. 7, 8 Moreover, via association with SHP-1, Ly49Q has been reported to regulate inappropriate activation and adhesion of neutrophils by preventing focal complex formation. 9 Other recent reports describe GDF-15 as a novel inhibitor of neutrophil recruitment by preventing chemokine triggered β 2-integrin activation and clustering 10 and
Btk as a "gatekeeper", important for preventing the priming of neutrophils and modulation of their production of reactive oxygen species to prevent death by apoptosis.
11
Siglecs are type 1 membrane proteins of the Ig superfamily that mediate sialic acid dependent interactions with ligands via their N-terminal Ig domain. 12 Siglec-E is a murine inhibitory receptor expressed constitutively on neutrophils and is induced on macrophages by lipopolysaccharide (LPS). 13, 14 Following phosphorylation by Src-family kinases, the ITIMs of siglec-E are able to recruit Src homology domain-containing protein tyrosine phosphatases, SHP-1 and SHP-2 in both transfected cell lines 15 and in LPS-activated macrophages. 13 However, the functional role of siglec-E in vivo and its signalling pathways in neutrophils remain unknown. Our data reveal siglec-E as an important negative regulator of acute lung inflammatory responses and β 2 integrin-dependent signalling in neutrophils.
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Materials & Methods
For further details regarding materials, see online supplemental Methods.
Generation of siglec-E-deficient mice
Siglec-E -/-mice were generated on a 129/Sv background by gene targeting as shown in Figure 1A . Details of library screening and clone manipulation are provided in supplemental
Methods. Siglec-E -/-mice were backcrossed to the C57BL/6 background for over 15
generations. Generation of the siglec-E R126D mutant mouse was performed by Taconic
Artemis using C57Bl/6 ES cells and the targeting strategy illustrated in Figure 1B . All mice were bred and maintained under specific pathogen-free conditions at the University of Dundee. All procedures were carried out with institutional ethics approval and were performed in accordance with the UK 1986 Animals (Scientific Procedures) Act.
Airway inflammation model.
Groups of sex-and age-matched mice were exposed to an aerosol of lipopolysaccharide (LPS) at a concentration of 0.1 mg/ml for 30 min. 16 Bronchoalveolar lavage (BAL) and lung digestion were performed as described 17 and cell populations were identified either by morphology on stained cytocentrifuge slides, or by flow cytometry as described below. To investigate neutrophil margination in the lung, mice were administered with 50 µg LPS intraperitoneally. In order to investigate the functional role for CD11b, immediately prior to LPS aerosol, mice were injected intravenously with 100 μ g purified 5C6 anti-CD11b antibody 18 or an equivalent amount of rat IgG. Eight weeks following reconstitution, mice were exposed to aerosolised LPS and lung tissue digest cells were analysed by flow cytometry. Neutrophils were labelled with antibodies to Gr-1, CD11b and siglec-E (generated in house). Fc receptor binding was blocked with 2.4G2
prior to surface staining. Following staining, cells were fixed in 1% formaldehyde. Data were collected using a LSR Fortessa (BD Biosciences) and analysed using Flowjo 7.5 software (Treestar).
Neutrophil activation assays
In vitro stimulation. Cell adhesion assays. Assays were performed as described 19 using fibrinogen (100 μg/ml) as CD11b ligand.
Biochemical Analysis
Detection of siglec-E in neutrophils and macrophages. Lysates were prepared from bone marrow neutrophils or LPS-stimulated bone marrow-derived macrophages. 13 Following 
SHP-1 and SHP-2 co-immunoprecipitation with siglec-E.
Bone marrow cells were plated as described above, or stimulated in suspension with LPS (10 µg/ml). Lysates were prepared as above and subjected to immunoprecipitation with anti-siglec-E monoclonal antibody 13 .
Immunoblots were probed with antibodies to SHP-1, SHP-2, siglec-E (sheep polyclonal) and phospho-tyrosine followed by HRP-conjugated anti-rabbit or anti-sheep secondary antibodies prior to ECL autoradiography.
Fibrinogen dot blot assay. Fibrinogen was spotted onto a nitrocellulose membrane and blocked with 5% milk in TBS containing 0.05% Tween 20. Membranes were treated with or without sialidase as above and incubated with siglec-E-Fc/anti-Fc peroxidase pre-complexes or anti-human fibrinogen antibody for 1 h at room temperature. Binding was detected by ECL chemiluminescence, and image analysis was performed using AIDA software. 
Fluorescence Microscopy
Bone marrow cells were incubated on fibrinogen-coated coverslips for 20 min, 37ºC, fixed with 3.7% formaldehyde and stained with sheep polyclonal anti-siglec-E IgG conjugated to FluoProbe 547H and/or anti-CD11b-Alexa488 antibody. Cells were mounted in DAPI and analysed by confocal microscopy. Excitation wavelengths were 405, 488 and 555 and emission wavelengths 420, SP555 and SP 640. Image analysis was performed using Volocity software.
Data Analysis
Data are expressed as mean ± s.e.m. Statistical significance between groups was tested using a Mann Whitney U test or a paired t test for biochemical analysis. A p value of less than 0.05 was considered significant.
Results

Generation and characterisation of siglec-E-deficient mice
To study the role of siglec-E in neutrophil recruitment to the lung, we generated siglec-Edeficient mice by gene targeting using two different approaches ( Figure 1 ). First, exons 1 and 2 were replaced with a neomycin cassette in 129 embryonic stem cells ( Figure 1A ). The resulting siglec-E-deficient mice were backcrossed onto the C57Bl/6 background and are referred to as siglec-E -/-mice. Second, a targeted mutation was introduced into the Siglec-E gene in C57Bl/6 embryonic stem cells in order to destroy the sialic acid binding site by changing arginine 126 to an aspartic acid ( Figure 1B ). The ensuing mice are referred to as siglec-E R126D . Both siglec-E -/-and siglec-E R126D mouse lines were generated at normal
Mendelian frequencies, were viable and displayed no gross differences compared to their respective wild-type (WT) controls. Analysis of leukocyte subpopulations in WT, siglec-E -/-and siglec-E R126D mice showed no alterations in either the percentage or number of each cell type analysed (supplemental Table 1 ). This analysis also confirmed the previously reported 14 expression of siglec-E on neutrophils and, CD11c + splenic dendritic cells. Siglec-E was not detected on mature T and B cells, NKp46 + NK cells (supplemental Figure 1) , and platelets (data not shown).
As expected, siglec-E protein was undetectable in immunoprecipitates from siglec-E -/-bone marrow neutrophils and LPS-induced bone marrow-derived macrophages ( Figure 1C ). Lack of siglec-E expression was further confirmed by flow cytometry of neutrophils, dendritic cells and macrophages from siglec-E -/-mice using specific monoclonal and polyclonal Abs (supplemental Figure 1 and data not shown). Surprisingly, siglec-E protein was also undetectable in siglec-E R126D mice ( Figure 1C ). This was associated with low or undetectable levels of siglec-E mRNA in bone marrow neutrophils and LPS-induced macrophages (data not shown), suggesting that gene transcription in siglec-E R126D mice was severely affected by the targeting strategy used. Since both siglec-E -/-and siglec-E R126D strains of mice were deficient in siglec-E they were used interchangeably throughout the study, with similar results in all experiments.
Siglec-E is a negative regulator of acute pulmonary neutrophil recruitment
Using a well-characterised model of aerosolised LPS-induced acute lung airway inflammation, 16 neutrophil recruitment to the airways was found to be more rapid and of greater magnitude in siglec-E-deficient mice in comparison to WT controls ( Figure 2 ). This increased inflammatory response remained elevated over a time course of up to 24 h, after which neutrophil numbers returned to levels comparable to WT mice ( Figure 2A ).
Neutrophil recruitment was also analysed at early time points in collagenase-digested lung tissue when cellular infiltrates were undetectable in BAL. We observed accelerated neutrophil recruitment in the lung tissue of siglec-E-deficient mice at 1 h post-LPS, whereas WT mice showed little early cellular changes ( Figure 2B-C) . Numbers of infiltrating macrophages were also elevated in the airways of siglec-E-deficient mice exposed to LPS (Figure 2A-B) .
Increasing the concentration of aerosolised LPS from the standard dose of 0.1 mg/ml to 1.0 mg/ml led to an even greater inhibitory effect of siglec-E on neutrophil recruitment (supplemental Figure 2A ). This suggests that the dampening effect of siglec-E is dominant
and not overridden at high concentrations of LPS. Reciprocal radiation bone marrow chimeras confirmed that the enhanced airway inflammation was due to the absence of siglec-E expression on hematopoietic cells rather than environmental cells such as endothelial and epithelial cells which remain of host origin ( Figure 2D ). Following systemic injection of LPS, neutrophils transiently adhere to vascular endothelium of the lung but do not undergo transmigration. 21 Following intraperitoneal LPS, we observed a clear increase in neutrophil numbers in the lung tissue capillary bed of siglec-E-deficient mice compared to WT controls ( Figure 2E ) demonstrating that siglec-E negatively regulates the early steps of neutrophil recruitment to the lung.
We also analysed the response to ultrapure LPS-free zymosan which signals through TLR-2 and dectin-1 22 as opposed to TLR-4 (and to a lesser degree TLR-2) in the case of LPS (supplemental Figure 2B) . Following intranasal administration of zymosan, lung neutrophil recruitment was elevated in siglec-E-deficient mice, showing that the exaggerated inflammatory responses observed in the absence of siglec-E were not exclusive to LPS. We also analysed thioglycollate-induced peritonitis (supplemental Figure 3A) and acute inflammation in an air pouch model using TNF-α 23 or Staphylococcus aureus 24 as stimulants (supplemental Figure 3B) . However, neutrophil recruitment was comparable between WT and siglec-E-deficient mice. These results indicate that the siglec-E-dependent suppression of neutrophil recruitment is selective for the lung.
Siglec-E negatively regulates CD11b-dependent adhesive function in vivo
In view of the previously suggested role of siglec-E as a negative regulator of LPS-induced cytokine production, 13 we asked whether the exaggerated lung neutrophil recruitment in siglec-E-deficient mice was due to increased chemokine production and/or chemotactic responses. As expected, we observed a significant LPS-dependent increase in levels of both CXCL1 and CXCL2 in serum, BAL and lung tissue homogenates, but there were no differences in levels of chemokines between WT and siglec-E-deficient mice ( Figure 3A) .
Similarly, there were no differences in chemotactic responses to CXCL1 and CXCL2 in
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Next, we considered the possibility that siglec-E was acting as a negative regulator of neutrophil adhesion to lung capillary endothelium following LPS exposure. The β 2 integrin, CD11b is required for neutrophil recruitment to the lungs of LPS-exposed mice. 5 Injection of mice with a blocking anti-CD11b antibody significantly reduced neutrophil numbers in BAL and lung tissue digests in both WT and siglec-E-deficient mice, and reversed the elevated neutrophil numbers in siglec-E-deficient mice back to levels seen in antibody-treated WT mice ( Figure 3C ). Taken together with the increased margination of neutrophils observed in siglec-E-deficient mice following intraperitonal LPS ( Figure 2E ), these results suggest that siglec-E negatively regulates CD11b-dependent adhesive function in vivo.
As activated neutrophils rapidly upregulate CD11b and shed CD62L following activation, 25, 26 we measured both markers on blood and bone marrow neutrophils before and after activation ( Figure 4A ). Freshly isolated neutrophils expressed similar levels of CD11b and CD62L (data not shown). Following exposure to LPS or fMLP, no differences were seen in either CD11b upregulation or CD62L shedding comparing siglec-E-deficient and WT neutrophils in doseresponse assays ( Figure 4A ). Although CD11b levels were unaltered in siglec-E-deficient neutrophils, it was important to see if CD11b was in a higher affinity state. 27 As CD11b
'affinity reporter' antibodies are not available in mice, the relative binding strength of this integrin was evaluated in short-term adhesion assays using fibrinogen as a CD11b ligand ( Figure 4B) . A low level of baseline adhesion was observed with unstimulated cells that was increased following integrin activation with phorbol esters and significantly reversed with anti-CD11b antibody or EDTA to block integrin function, but there were no differences
between WT and siglec-E-deficient neutrophils ( Figure 4B ). In conclusion, these experiments indicate that siglec-E does not influence CD11b levels or binding strength, either at baseline or following neutrophil activation.
Siglec-E suppresses CD11b-dependent Syk and p38 MAP kinase phosphorylation
We next explored the possibility that siglec-E modulates CD11b 'outside-in' signalling which can result in Src family kinase-dependent Syk activation and adhesion strengthening. 28 Confocal microscopy of neutrophils adherent to fibrinogen showed that siglec-E was present on the cell surface in a punctate manner. Interestingly, siglec-E foci were more frequently seen in areas of intense CD11b staining than in areas of lower CD11b intensity ( Figure 5 ). In western blotting analysis of whole cell lysates, the absence of siglec-E led to a 2-fold increase Syk (supplemental Figure 4) . We also observed a parallel increase in phospho-p38 MAP kinase in siglec-E-deficient neutrophils ( Figure 6A ) but there was no effect of siglec-E deficiency on ERK or JNK MAP kinase phosphorylation (data not shown). The suppressive effect of siglec-E on Syk and p38 MAP kinase phosphorylation was selective because no differences were observed between WT and siglec-E-deficient neutrophils plated on IgG/anti-IgG complexes to trigger Fc receptors ( Figure 6A ) or following exposure to LPS (data not shown).
As fibrinogen is a sialylated glycoprotein, 29 we investigated whether siglec-E-sialic acid interactions were required for the suppression of CD11b-dependent Y 317 Syk phosphorylation.
Using dot blot analysis, we first demonstrated that siglec-E can bind to fibrinogen in a sialic acid dependent manner ( Figure 6B ). We then showed that pre-treatment of fibrinogen with sialidase reversed the inhibitory effect of siglec-E on Y 317 Syk phosphorylation ( Figure 6C ).
In conclusion, these results demonstrate that sialic acid-dependent interactions of siglec-E are required for inhibitory signalling.
Siglec-E associates with SHP-1 in the absence of tyrosine phosphorylation
Since recruitment of SHP-1 and SHP-2 could be important in the siglec-E-dependent suppression of Syk phosphorylation in neutrophils, we investigated their association with siglec-E ( Figure 7) . Interestingly, siglec-E was seen to be constitutively associated with SHP-1 in neutrophils, even in the absence of detectable siglec-E tyrosine phosphorylation, but SHP-2 association was not observed (Figure 7) . Stimulation of neutrophils with pervanadate or LPS induced robust tyrosine phosphorylation of siglec-E, but this only modestly increased SHP-1 association and did not lead to detectable SHP-2 association ( Figure 7 ). In conclusion, these results demonstrate that siglec-E in neutrophils is constitutively associated with SHP-1 and provide a potential explanation for siglec-Edependent suppression of Syk phosphorylation.
For
Discussion
Using a model of LPS-induced acute airway inflammation, we demonstrate that siglec-E functions as a non-redundant negative regulator of CD11b-dependent neutrophil recruitment into the lung. We ruled out the possibility that siglec-E expression on non-hematopoietic cells was important and found no evidence for siglec-E-dependent modulation of chemokine production or chemotaxis. Rather, our results indicate that siglec-E plays a key role in regulating CD11b-dependent adhesive interactions of neutrophils with the lung capillary endothelium. First, we showed that the exaggerated neutrophil recruitment was reversed with a blocking CD11b antibody. Second, following systemic administration of LPS, the number of marginating neutrophils in the lung was clearly increased in siglec-E-deficient mice. The lung uses an atypical pathway for neutrophil recruitment involving the capillary beds rather than postcapillary venules and appears to be less dependent on vascular E-and P-selectins than other tissues. 30, 31 The lack of siglec-E's influence on neutrophil recruitment to the peritoneal cavity and air pouch may therefore be due to the stronger dependence on selectinmediated pathways in these tissues that could mask the influence of siglec-E. Further studies are required to determine whether siglec-E-dependent inhibition of neutrophil recruitment is selective for the lung.
Similar to many other integrins, CD11b can be regulated by 'inside-out' signalling in response to diverse stimuli, leading to both increased surface expression from intracellular pools, and increased binding affinity of integrin for ligands 25, 28 . However, we found no evidence that siglec-E was directly involved in these pathways. In contrast, we found clear evidence that siglec-E is able to modulate CD11b-dependent 'outside-in' signalling.
Siglec-E-deficient neutrophils were seen to exhibit exaggerated phosphorylation of both Syk and p38 MAP kinase following adhesion to fibrinogen. This effect was specific to CD11b 33 This raises the possibility that the siglec-E-dependent suppression of phospho-Y 317 Syk shown here modulates neutrophil migration through a similar mechanism. p38 MAP kinase has been shown to play a role in recruitment of neutrophils to the lung induced by aerosolised LPS 34 and has also been implicated in PSGL-1
and Syk-dependent upregulation of LFA-1 affinity in neutrophils, resulting in slow rolling on ICAM-1 substrate 35 . Negative regulation of p38 by siglec-E may therefore also contribute to suppression of neutrophil recruitment to the lung.
We investigated the mechanism by which siglec-E is able to suppress CD11b-dependent Syk activation. Clear evidence was obtained that sialic acid recognition was involved because the siglec-E-dependent suppression of Syk phosphorylation was specifically reversed when fibrinogen was pre-treated with sialidase. These findings suggest that the siglec-E-dependent inhibition of CD11b signalling requires trans interactions between siglec-E on neutrophils and sialic acids presented on CD11b ligands. Co-ligation of siglec-E and CD11b with
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From fibrinogen may be important for bringing these molecules in sufficient proximity to permit siglec-E-dependent inhibitory effects. By confocal microscopy, siglec-E was present as punctate foci at the substrate interface. Although, no precise co-localisation with CD11b was observed, significant numbers of siglec-E foci were found in areas of intense CD11b staining in comparison to regions of low CD11b intensity. It is possible that the active 'signallingcompetent' CD11b/DAP12/FcRγ complexes 36 represent a minor pool of total CD11b and that they are transient in nature.
Fibrinogen is thought to be important in promoting LPS-triggered lung neutrophil recruitment in vivo. 37 However, it is likely that additional CD11b glycoprotein ligands such as ICAM- 1 38 are rapidly upregulated in vivo on LPS-activated lung capillary endothelial cells and play a role in siglec-E-dependent suppression of neutrophil recruitment. Siglec-E is a promiscuous sialic acid binding receptor and is therefore likely to bind a range of sialylated glycoproteins and glycolipids on the endothelial cell surface. 39 In a previous study of siglec-5-transfected rat basophil leukaemia cells, it was shown that tyrosine phosphorylation was not required for inhibitory signalling and this correlated with weak SHP-1 association even when the two siglec-5 ITIM tyrosine residues were mutated to alanine. 41 Thus, some CD33-related siglecs appear to be unusual amongst ITIM-containing inhibitory receptors in not requiring Src family kinase-mediated ITIM phosphorylation to recruit SHP-1 and inhibit activation events. This mechanism may have evolved to maintain resting leukocytes in a quiescent state until activation is triggered via other activating receptors that are not influenced by siglec-E, such as Fc receptors.
A key role for SHP-1 in inflammatory responses has been demonstrated by the overexpansion and inappropriate activation of granulocyte populations in SHP-1-deficient motheaten mice. 8 SHP-1-deficient neutrophils exhibit increased oxidant production, surface expression of CD18 and adhesion to protein-coated plastic suggesting a crucial role for SHP-1 in modulating neutrophil activation. 7 To date, the best characterised targets for SHP-1 in neutrophils are Ly49Q and CEACAM1. Ly49Q has been shown to inhibit neutrophil adhesion by preventing focal-complex formation, whereas following exposure to inflammatory stimuli, Ly49Q can switch functions and promote neutrophil polarisation and tissue infiltration. 9 In comparison, CEACAM1 plays a key role in SHP-1-dependent expansion of bone marrow neutrophils via blocking GM-CSF-STAT3 signalling. 42 A recent study has shown that CEACAM1 can also regulate TLR-4 triggered inflammasome activation via SHP-1-dependent negative regulation of Syk activation. 43 The findings of the present study demonstrate that siglec-E is another important neutrophil receptor that constitutively associates with SHP-1, selectively suppresses CD11b β 2 integrin signalling and controls early inflammatory responses in the lung. Our findings have implications for the functions of the highly related human siglec-9 14, 44 and raise the possibility that siglec-9 could be a new therapeutic target in inflammatory lung disease. For personal use only. on September 14, 2017. by guest www.bloodjournal.org From
